The performance of six separate percolation areas was intensively monitored to ascertain the attenuation effects of unsaturated subsoils with respect to on-site wastewater effluent: three sites receiving septic tank effluent, the other three sites receiving secondary treated effluent. The development of a biomat across the percolation areas receiving secondary treated effluent was restricted on these sites compared to those sites receiving septic tank effluent. This created The maximum individual length of percolation trenches receiving secondary effluent has also been reduced to 10 m to encourage dispersion on a wider area. This paper thus highlights how research can directly feed into a Code of Practice.
INTRODUCTION
The domestic wastewater of over one-third of the population in Ireland, or 440,000 dwellings, is treated by onsite systems (CSO ) and with over 25% of all water supplies provided by groundwater (EPA ), the protection of groundwater resources from contamination by domestic wastewater effluent is imperative. Indeed, in many areas, over 30% of private domestic and farm wells have been polluted by microbiological contamination at some time (Daly ) . There is a popular misconception in Ireland that the effluent, after on-site 'treatment' in septic tanks or packaged treatment plants, can be discharged into the soil without further processing. The reality is that the groundwater is protected from pollution by the overlying subsoils of variable thicknesses and permeabilities. The percolation area (soil attenuation system) is therefore an integral part of the overall on-site treatment system, particularly since the main aquifers in Ireland occur in fissured or fractured bedrock formations.
The potential impacts of on-site effluent are the pollution of either groundwater and/or surface water. If the effluent loading on the subsoil is too high, the permeability of the subsoil excessive or there is an insufficient depth of subsoil then the groundwater beneath a percolation area is at risk of pollution, in particular from microbiological pathogens and/or nutrients. Alternatively, if there is insufficient permeability in the subsoil to take the effluent load, surface ponding may occur with associated health risks, and there will be a risk of effluent discharge/runoff of pollutants to surface water. The nutrient load in the effluent (either as direct discharge or from groundwater baseflow) can contribute to eutrophication in sensitive water bodies, whilst contamination of water sources by human enteric pathogens can promote the outbreak of disease.
Recommendations published by Ireland's Environmental Protection Agency (EPA ) define subsoil conditions that will provide an acceptable level of treatment for on-site domestic wastewater effluent in order to protect groundwater resources from contamination. The risk assessment based approach is composed of an intensive site assessment procedure, involving a desk study and an on-site trial hole inspection and percolation test, which evaluates the suitability of the site and soil for treatment of on-site effluent against the vulnerability of local groundwater resources. A percolation test is required to determine the assimilation capacity of the subsoil. It was recommended that the socalled T-value (Mulqueen & Rodgers ) (i.e. percolation rate) obtained from the standard falling head percolation test which involves timing three repetitive water level drops from 300 to 200 mm (CEN ) must fall within the specified range of T ¼ 1 to 50 (min per 25 mm water level fall) for subsoils receiving wastewater effluent. In addition, a minimum unsaturated subsoil depth of 1.2 m below the invert of the septic tank percolation trenches, or 0.6 m for trenches receiving secondary treated effluent, should exist before the site may be deemed suitable for on-site treatment of domestic wastewater effluent. Most on-site research to date has been carried out in continental climates on sandy subsoils or under controlled laboratory conditions (Beal et al. ) , with little field research previously carried out in a temperate maritime climate or on the heterogeneous subsoils of northwestern Europe, which are largely a result of the recent glaciation. Hence, over the past 10 years, several linked research projects have been carried out in the field in Ireland with objectives to test out the efficacy of these recommendations, investigating the fate of different effluent from septic tanks, packaged treatment plants, sand filters and reed beds discharging into different subsoils and also to provide evidence upon which the new legislation could be based. The results of this work have had significant influence in the production of a new Code of Practice Wastewater Treatment and Disposal Systems Serving Single Houses (2009) for Ireland. The detailed results of these research projects have been presented elsewhere, for example, nutrient attenuation in subsoils (Gill et al. , b) , sand filter performance (Gill et al. , a) , distribution devices (Patel ) and reed beds (O'Luanaigh et al. ). This paper therefore highlights the main changes to the Guidelines (EPA ) that have been made in the development of the Code of Practice as a result of all the research work. This new Code also incorporates the necessary contents in the new 12566 series of European standards on small wastewater treatment systems by the European Standards Committee (CEN) comprising seven parts which all EU members must comply with (CEN ).
THE CONCEPTUAL FRAMEWORK Groundwater protection schemes
The value of the different groundwater resources across Ireland has been categorised by the Geological Survey of Ireland (GSI) into Resource Protection Zones with aquifers defined as regionally important, (karst, extensive gravel aquifers, etc.), locally important (bedrock which is moderately productive) or poor aquifers (bedrock which is generally unproductive) (DELG et al. ). Actual groundwater sources used for group schemes or industrial use have also been delineated into inner and outer Source Protection Zones. The inner protection zone is an area based on a 100 day time of travel to the well (a calculation involving aquifer properties and pumping rate) whilst the outer protection zone is delineated as the rest of the area required to support the long-term groundwater recharge (by calculating annual recharge rates). Equally, the vulnerability of groundwater has been mapped in all counties and is based mainly on a combination of the depth of subsoil above the water table (or bedrock) -which thus provides the protection from the influence of surface pollution -and the subsoil permeability, and is divided into four categories: Extreme, High, Moderate or Low. Table 1 details how it is determined which also takes into account the quality of the groundwater source and time of travel of effluent through the subsoil.
A matrix of vulnerability against resource or source protection area has then been defined as a Groundwater Protection Response for different land-use activities (DELG et al. ), such as land spreading of sewage sludge, landfill sites and on-site treatment systems. This is the conceptual framework behind the new Code of Practice.
On-site assessment
The following series of steps are required when undertaking the suitability of a site for on-site wastewater treatment and disposal in Ireland.
Desk study
Information about the site is gathered from a series of national maps on GIS which detail bedrock type, vulnerability, aquifer category and whether the area is in a source/resource protection zone. From this information the groundwater protection response can then be defined as detailed above. Other information such as previous site assessments, soil characteristics, etc. is also collated at this stage. The maximum number of people who will live in the house (the population equivalent) is also determined in order to determine the hydraulic loading to ground.
Visual assessment
This requires a visit to the site to record information such as slopes, proximity to water courses, lakes, beaches, etc. In particular, distances to adjacent wells and on-site wastewater treatment disposal are measured. Vegetation indicators of subsoil drainage conditions (rushes for waterlogged conditions, for example) are also noted.
Trial hole
A 2.1 m deep hole is dug in the vicinity of the proposed percolation area to ascertain depth to water table and/or bedrock. Samples of subsoil from the different layers are also taken in order to classify the soil test into the generic types CLAY, SILT/CLAY, SILT, SAND, GRAVEL using the BS5930 () procedure.
Percolation test
The percolation characteristics of the subsoil are determined by carrying out several falling head tests on site by monitoring the drop in water level in a 400 mm deep 300 × 300 mm square hole (Mulqueen & Rodgers ) sited at the depth of the proposed percolation pipes. This determines subsoil permeability as defined by the falling head percolation test (k N ) from which a field saturated hydraulic conductivity (k fs ) can be determined, as shown on Table 2 . This can also then be equated to the Long Term Acceptance Rate (LTAR) -the basis of several design codes in Europe and elsewhere (CEN ) -which attempts to define a steady state equilibrium following the development of the biomat.
Conclusion and design
A synthesis of all the above information is used to conclude whether the on-site effluent can or cannot be discharged to ground. The design involves specifying the number and length of percolation trenches as well as their invert levels in order to achieve the requisite depth of unsaturated subsoil. Equally, the type of treatment system required before discharge of effluent to the subsoil is specified; i.e. septic tank or secondary treatment system (which could be proprietary package plant, constructed wetland or sand filter).
METHODOLOGY Site selection and construction
Six separate households were used for the research projects on sites of varying subsoil permeability across Ireland. Two-chamber septic tanks were installed on Sites 1, 2 and 3 while secondary treatment systems were Table 3 ). The effluent from all six sites (three sites discharging septic tank effluent (STE) and three sites discharging secondary treated effluent (SE) from packaged plants) entered percolation trenches at 2.45 m centres built to EPA specifications (EPA ) consisting, in each case, of 110 mm diameter perforated PVC pipe bedded in 500 mm of gravel, 250 mm of which was below the pipe, in a 450 mm wide trench (see Figure 1 ) at a slope of 1:200. The design specification was one 20 m long trench per person per household. The achievement of an equal loading rate on each trench depended on an even distribution of the effluent by gravity flow within the distribution box. Early on in the research it was observed that commercially available distribution boxes did not produce an even effluent split between the percolation trenches and therefore modifications were required. A flow attenuation chamber with the requisite number of 90 W V-notch side weirs was developed whereby each side-weir discharged to each of the outlet channels that carried the wastewater to the percolation trenches.
Instrumentation and sample analysis
The flow profile to the percolation areas from the septic tanks and secondary treatment systems was measured using ultrasonic flow monitors (Siemens Milltronics) or tipping bucket flow-gauges (Unidata, Australia). The exact distribution into each of the four percolation pipes was measured by placing the tipping bucket flow-gauges underneath each of the four distribution box outlets. Automatic samplers (Bühler Montec) collected 24 hour (Figure 1(a) ) in order to obtain a three dimensional profile of effluent spread and attenuation with depth. Lysimeters were installed at more frequent intervals at Sites 1 and 4 corresponding to distances 0, 5, 10 15 and 20 m along each trench, in order to refine the analysis of biomat spread. At each site, nine tensiometers (Soil Measurement Systems) were installed at the same three sampling depths along separate trenches in order to obtain a profile of soil moisture tension across the percolation area. Meteorological variables (rainfall, temperature, wind speed, relative humidity, solar radiation and sunshine hours) on each site were recorded by a weather station (Campbell Scientific) and tipping-bucket type rain gauges (Casella). The lysimeters were put under a suction of 50 kPa using a vacuum-pressure hand pump left for 24 hours before the collected soil moisture was sampled the following day. All STE, SE and soil moisture samples were analysed for ammonium, nitrite, nitrate, chemical oxygen demand, orthophosphate and chloride using a Merck Spectroquant Nova 60 ® spectrophotometer and associated reagent kits. Samples were also tested for total nitrogen using a Hach Lange LT200 thermostat and spectrophotometer DR2800 to ascertain the fraction of organic and inorganic nitrogen present. Samples were analysed for total coliforms and E. coli using the Colilert ® analysis. In addition, tracer trials spiking three different bacteriophages (MS2, PR772 and φX174) were carried out in order to assess the attenuation and transport of viruses through the subsoils. Chloride was used initially as a crude tracer to identify areas across the percolation areas which were receiving wastewater effluent. From this, a conceptual model (assuming isotropic and homogeneous soil properties) was derived for the analysis of the attenuation of the percolating effluent. Examination of the soil moisture tension values from the tensiometers installed at the different sample positions on all sites were also used to confirm/corroborate the conceptual models for each site. The extent of effluent dilution in the subsoil from effective rainfall was calculated using rainfall figures and evapotranspiration figures obtained on site based on the Penman-Monteith method. Daily effective rainfall was calculated by subtracting the daily actual evapotranspiration and accumulated soil moisture deficit figures from the daily rainfall measurement.
RESULTS AND DISCUSSION

Hydraulic loading
All sites revealed that the assumption of 180 L/c.d in the Irish EPA guidelines (EPA ) appeared to over-predict significantly the average wastewater production in such one-off dwellings with typical sized family units (see Table 3 ). The 180 L/c.d design figure is a value typically used for urban wastewater statistics, which include significant sewer infiltration (not the case for on-site systems). Moreover, in large conurbations it is usual for people to live and work within the same drainage network. Hence, a full day's wastewater from each person is discharged into the same system, albeit at different points on the network. For on-site wastewater however, the residents will spend much of the day outside the septic tank 'catchment' (i.e. the house) and thus some of their daily wastewater production will go into other systems (catchments) which are why the average wastewater figures recorded on these sites are considerably lower than the guideline value. It should also be noted that the average water consumption statistic in Ireland is less than 150 L/c.d. The new Code of Practice now bases the calculation for hydraulic loading on 150 L/c.d.
Strength of effluent
In general, the effluent concentrations of most of the water quality parameters from the septic tank were high when compared to the CEN 12566 European standard (Part 6) which specifies the influent characteristics required for testing prefabricated small wastewater treatment systems receiving septic tank effluent. The measured STE quality had high concentrations in terms of organics and nutrients and in the case of total-N and ortho-P just above the range of assumed effluent quality required by CEN 12566.
Biomat development
The development of a biomat took several months on the sites but eventually reached equilibrium as found elsewhere (e.g. Siegrist & Boyle ). There was a clear relationship between the organic loading rate and extent of biomat development, as shown in Table 3 , with much reduced biomat lengths in Sites 4, 5 and 6 receiving SE and corresponding low COD loading per trench compared to Sites 1, 2 and 3 receiving STE. Hence, the effluent on sites receiving STE was being spread out over a much larger area of subsoil with lower hydraulic loading, which had implications as to contaminant transport and attenuation down through the subsoil. This finding also questions the point of having one 20 m long pipe per person for the SE as it was clear that the effluent was not using most of the pipe. Hence, the maximum length for individual pipes has been reduced to 10 m in the new Code of Practice (whilst retaining the overall trench length required) in order to promote better dispersal of effluent.
Depth of unsaturated subsoil
For the range of subsoil characteristics tested, the septic tank and percolation system provided a comparable treatment performance with respect to groundwater protection to the packaged secondary treatment system, without the need for ongoing maintenance or energy consumption. The evidence from this research indicates that the septic tank effluent has achieved an equivalent quality to the secondary treated effluent after percolating through 1.0 m depth of unsaturated subsoil. The majority of the treatment of the STE took place in the distribution gravel and first 300 mm of subsoil where there was also a reduction in the total nitrogen load. The 0.6 m of unsaturated subsoil did not fully remove all enteric bacteria from the SE (attributed to the high hydraulic loading on the subsoil as discussed above) with isolated incidences of low concentrations of E. coli picked up. Hence, the required depth of unsaturated subsoil was increased from 0.6 to 0.9 m for percolation areas receiving secondary treated effluent. The 1.2 m unsaturated subsoil required for the discharge of septic tank effluent was kept at its previous value.
Acceptable percolation range
Whilst most of the sites across a range of different subsoil percolation rates showed similar attenuation properties, there was evidence of virus breakthrough at 1 m beneath the trenches receiving SE during the bacteriophage tracer trials and so the higher range for acceptable subsoil permeability was reduced in the new Code of Practice from
At the other end of the acceptable range for the slow permeability subsoils a lower limit of permeability k fs ¼ 0.47 m/d (T ¼ 90) was established to correspond with the CEN legislation, beyond which the subsoil is not suitable for discharge to ground. The lower limit for SE discharging to ground has been broadened from k fs ¼ 0.08 m/d (T ¼ 50) k fs ¼ 0.06 m/d (T ¼ 75) on the evidence discussed above whereby the effluent was not spreading along the whole trench due to reduced biomat -slower percolating subsoils will only help such SE to distribute further along the percolation pipes. The lower permeability limit for subsoil receiving STE meanwhile has remained the same at k fs ¼ 0.08 m/d (T ¼ 50) as the biomat was shown to spread the effluent along the pipe on these sites in such subsoils.
Nutrient removal
An interesting result across the 6 sites was found by comparing the net nitrogen loads percolating down to groundwater through the respective percolation areas. As shown in Table 3 and Figure 2 , the potential nitrogen loading per person to the groundwater beneath percolation areas receiving on-site secondary treated wastewater effluent was approximately two to three times that from the equivalent septic tank percolation areas. This was attributed to the reduced biomat formation along the percolation trenches receiving SE resulting in more concentrated hydraulic loading of the effluent, with a lower organic content that has limited denitrification. It was also evident that higher nitrogen loading per person to the groundwater was found through the higher permeability subsoil (Sites 1 and 4). Phosphorus removal was linked to subsoil mineralogy and appeared to be independent of the hydraulic loading rate, as discussed in Gill et al. (b) .
Other systems
Research was also carried out into the use of 0.8 m stratified sand filters as secondary treatment and tertiary treatment systems receiving Irish effluent (see Gill et al. , a) . This has led to loading rates being specified in the Code of 
